Two-dimensional ferromagnet Cr 2 Ge 2 Te 6 (CGT) is so resistive below its Curie temperature that probing its magnetism by electrical transport becomes extremely difficult. By forming heterostructures with Pt, however, we observe clear anomalous Hall effect (AHE) in 5 nm thick Pt deposited on thin (< 50 nm) exfoliated flakes of CGT. The AHE hysteresis loops persist to ~ 60 K, which matches well to the Curie temperature of CGT obtained from the bulk magnetization measurements. The slanted AHE loops with a narrow opening indicate magnetic domain formation, which is confirmed by low-temperature magnetic force microscopy (MFM) imaging. These results clearly demonstrate that CGT imprints its magnetization in the AHE signal of the Pt layer. Density functional theory calculations of CGT/Pt heterostructures suggest that the induced ferromagnetism in Pt may be primarily responsible for the observed AHE. Our results establish a powerful way of investigating magnetism in 2D insulating ferromagnets which can potentially work for monolayer devices.
Understanding the magnetic properties of two-dimensional (2D) van der Waals ferromagnets such as Cr 2 Ge 2 Te 6 (CGT), CrI 3 , amongst a plethora of others, has attracted a great deal of interest due to their ability to be exfoliated down to the monolayer allowing for studying magnetism in 2D systems 1, 2 as well as their ability to easily form heterostructures with other 2D materials such as graphene and a wide range of transition metal dichalcogenides 3 . In CrI 3 , for example, the intriguing interlayer antiferromagnetic coupling is uncovered when a few layers are involved. Recently, large tunneling magnetoresistance between the atomic layers in CrI 3 has revealed rich spin states as a result of the antiferromagnetic coupling 4 . To date, no tunneling experiment has been reported in the other 2D insulating ferromagnet, CGT, to study the magnetic properties such as the interlayer coupling. In conducting ferromagnets, transport measurements such as magnetoresistance and anomalous Hall effect (AHE) are routinely employed to probe the magnetic properties especially in small devices 5, 6 . In insulating ferromagnets, however, such transport measurements are not directly applicable. In this study, we explore an alternative way to probe the magnetic properties of thin CGT flakes by electrical means. In principle, this method can be extended to devices made of monolayers of 2D magnets.
Although bulk CGT crystal is conductive at high temperatures, its resistance becomes extremely high in the ferromagnetic phase below 60 K [7] [8] [9] . Under very large bias voltages, the two-terminal resistance and magnetoresistance of CGT crystal could be measured 10 . Large back gate electric field was used to lessen the insulating behavior of thin CGT flakes (~10-50 nm) so that the AHE could be detected 11 . In recent studies of three-dimensional (3D Before studying induced magneto-transport properties, we first characterize the intrinsic properties of CGT itself. Magnetization measurements are performed on bulk CGT crystals using a SQUID magnetometer. The Curie temperature, T c ~ 61 K, was determined from the abrupt drop in magnetization in the temperature dependence from 5 K -300 K when a 1 kOe magnetic field is applied parallel to the a-b plane of the crystal 9, 10 . To have strong induced magneto-transport properties in Pt, it is important to have a very clean interface in the CGT/Pt heterostructures 17 . Due to the air sensitivity of CGT flakes (more information on the degradation of CGT in ambient conditions can be found in Supporting Information), we also modified the standard fabrication steps for less air sensitive 2D materials to minimize the interface degradation. A schematic of this fabrication process is given in Figure   2a and further details in the Methods section. In the existing setup, we could not transfer samples from the glovebox into the sputtering chamber without exposing to air; therefore, we performed the exfoliation in the load lock of the sputtering system, and immediately evacuated the chamber to greatly reduce the O 2 and H 2 O exposure time to the freshly cleaved CGT surface, followed by Pt deposition. The Pt layer is not only the active layer for sensing the induced AHE, but also serves as a capping layer to prevent further oxidation in the subsequent device fabrication. Once removed from the sputtering chamber, the sample with many exfoliated flakes was viewed under The magnetoresistance data at T = 4 K are also consistent with the slanted AHE hysteresis loop, as shown in Fig. 3c . to the reduced AHE signal from the saturation value. The sharp drop at point 2 in the AHE loop signals the domain nucleation. As the field is reduced further, the opposite domains expand, leading to stronger MFM contrast, and the AHE signal decreases accordingly. This trend continues until the field reaches -1.5 kOe at which field an oppositely oriented single-domain state is realized (state 4). Although the magnetization direction is reversed compared to state 1, the MFM contrast remains the same because the tip magnetization, having a relatively low coercive field of ~400 Oe, is also reversed thus generates a force gradient in the same direction as the opposite saturation field (state 1). When the magnetic field is reversed, a similar trend is observed, and similar domain nucleation and expansion patterns are displayed at points 4 and 5.
This sequence of MFM measurements shows close correspondence to the AHE loop and thus confirms that the AHE signal in the Pt layer tracks the behavior of the underlying CGT flake.
In heterostructures containing 3D magnetic insulator and a heavy metal layer such as Pt, there is a debate about the mechanism of the induced AHE, i.e., whether it is due to induced DE-FG02-05ER46237 and calculations were performed on parallel computers at NERSC.
Methods:

Device fabrication process
We exfoliated the CGT flakes in the load lock of the sputtering system followed immediately by evacuation. Once the load lock pressure reached below 5*10 -6 torr, the samples were loaded into the main chamber which has a base pressure of 10 -7 torr. We next heat the samples in chamber at above 100 ⁰C to remove water vapor which may have accumulated on the materials surface. Since the oxidation can take place on a short time scale, the surface layer oxidation is unavoidable. To remove the likely oxidized surface layer, we etch the CGT flakes in the sputtering chamber with argon plasma at a power of 15 W with pressure of 40 mtorr, immediately followed by deposition of 5 nm Pt.
AHE Measurement details
The transport measurements were performed in a physical properties measurement system by Quantum Design at temperatures down to 4 K. A current of 2 mA is fixed in the device while the potential drop between source and drain is monitored with a Keithley 2400 sourcemeter. Two Keithley 2182A nanovoltmeters are used to monitor V xx and V H . The measurement is setup with the detection direction of R H determined by the "right-hand rule" to properly determine the sign of the AHC.
MFM Measurement details
The MFM measurements were performed in a home-built low temperature scanning probe microscope using commercial MFM probes (Bruker MESP-V2) with a spring constant of ~3 N/m, a resonance frequency at ~ 75 kHz, and a Co-Cr magnetic coating. MFM images were taken in a constant height mode with the tip scanning plane at ~80 nm above the sample surface.
The MFM signal, the change in the resonance frequency, is measured by a Nanonis SPM Controller using a phase-lock loop.
DFT Computational details
Our DFT calculations are carried out by using VASP 25, 26 . Electronic exchangecorrelation is described by the generalized-gradient approximation with the functional proposed by Perdew, Berke, and Ernzerhof (PBE) 27 . We utilize projector-augmented wave pseudopotentials to describe core-valence interaction 28, 29 and set the energy cutoff for planewave expansions to be 500 eV 27 . Atomic structures are fully optimized with a criterion that requires the force on each atom being less than 0.01 eV/Å. The LSDA+U method 30 , with an effective U eff =1.0 eV 1 , is employed to take the correlation effect of Cr 3d electrons into account.
We include the nonlocal vdW functional (optB86b-vdW) 31, 32 to correctly describe the interaction across CGT and Pt layers.
Considering that CGT is a van der Waals material, a CGT monolayer is utilized in building up CGT/Pt heterostructures to reduce computational loads. Moreover, we use 77  supercell of (111)-Pt (lattice constant a=7.33 Å) and stretch the lattice constant of CGT monolayer to match this supercell. Two heterostructures, one with 4-layer Pt (CGT/4L-Pt) and the other with 5 nm (22-layer) Pt (CGT/5 nm-Pt), are explicitly considered in this work. Note that we only calculate the former's AHC, since it is tractable to the current computation ability.
A 13-Å vacuum layer is adopted to avoid artificial interactions between periodic slabs. We consider three representative atom alignments, namely, one of Pt atoms of the first-layer Pt sitting directly on the top of (i) Ge, (ii) Te and (iii) Cr, respectively ( Figure S1 ). We find that the case (i) is most stable with a much lower energy than cases (ii) and (iii) ( Figure S1 ). So, we focus on the AHC of case (i).
